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Introduction 

Serum calcium and phosphate concentrations are 
maintained in narrow ranges, indicating that they are 
regulated through hormonal mechanisms. Th l5 has 
been amply documented in the case of serum calcium 
concentration. Calcium-sensing receptors in the 
parathyroid glands sense changes in serum calcuim 
and modulate the secretion of parathyroid hormone 
(PTH), die main calcium-regulating hormone (1). 
PTH, in turn, regulates serum calcium by enhancing 
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osteoclastic bone resorption through osteoblasts 
cells in bone, increasing renal tubular reabsorpcicm 
of calcium in the kidney, and controlling 1,25-dihy- 
droxyvicamm D (1^5[OH),D) production (Z). In con- 
trast, although both PTH and WS(OH)J3 can affect 
serum phosphate, it has been unclear how scrum 
phosphate is maintained, since PTH secretion is 
mainly regulated by serum calcium (1). 

X-linked hypophosphatemic rickets/osteomalac.a 
(XLH), tumor-induced osteomalacia (TIO), and auto- 
somal-dominant hypophosphatemic rickets/osreo- 
malaria (ADHR) share common clinical feature, 
including hypophosphatemia due to rerol phosphate 
wasting and impaired mineralization of bone [3). 
Because serum calcium and PTH are usually normal 
in patients with these diseases, the presence of a 
phosphaturic humoral factor named phoSphawnm 
has been postulated (3, 4). Recent investigations o£ 
ADHR and TTO implicated PGP23 in the causat.cn 
of these diseases (5-9). Continuous exposure to 
recombinant FGF23 reproduced hypophosphatemia 
osteomalacia and inappropriately low serum 
L,2S(0H)jD (S, 10).The mutant form ofFGF23 that 
derives from the causative missense mutations of 
ADHR was shown to be resistant to proteolytic pro- 
cessing that converts the biologically functional full- 
length polypeptide into inactive fragments (7, o). 
Furthermore, the elevated circulatory FGF23 lcveU 
were demonstrated not only in patients with TIO but 
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also in these with XLH (1 1, 12). These results iruii- 
care chat excess activity of FGF23 causes hypophos- 
phatemia and impaired mineralization, of bone asso- 
ciated with phosphatonin. In addition, recent reports 
have revealed that circulatory FGF23 could be detect- 
ed in sera of normal humans (11, 12), implying the 
action of FGF23 in maintaining normal mineral 
homeostasis in the endocrine system, To decipher the 
physiological Function of PGF23, we generated and 
analysed FGF23-deficient mice. 

Methods , _„ A 

afrtWoAmentD/dwPGHWimiM.ThcgenomieDNA 

corresponding to 5.2 kl» o.f the S'-Flanking region, a 
panofexon 1, and the foQowingV-inrronie sequence 
in the Fgft3 gene were isolated from a CS7BL/6 
genomic bacterial artificial chromosome ^rary. 
These DNA fragments were subcloned into S and 3 
sires of a neomycin-resiscance gene to construct the 
carRtcing vector (Figure la). This targeting vector was 
introduced into TT2 ES cells (13) by ckctroporadon 
to replace the 0,2-kb fragment of DNA of exon 1. The 
transformed clones carrying a targeted allele were 
selected by Southern bloc analysis and microtnjecten 
into the eight-cell embryo prepared from ICtt. mice. 
Male chimeric mice with a gcrmline transmawem of 
the targeted allele were mated with female C5/BL/6 
mice to generate heterozygous offspring. Homozy- 
gous Founders were generated by mating these het- 
erozygous mice. All mice were fed with a standard 
wdcVTr chow containing 1.1% P and 1.0* Ca (CLEA 
japan IncTekyoJapan) and tap water ad libitum. All 



studies using animals wrre reviewed and approved by 
the Institutional Animal Care and Use Committee at 
the Pharmaceutical Research Laboratories, KJRJN 
Brewery Co. (Tak&saki,Japan). ,. 

Soft roentgenogram 0 //em«rs. The femurs were fixed in 
4% paraformaldehyde and were exposed » J^^- 1 
mA and 25 W for 5 seconds using |iPX- 1000 (Fujiflim 
Co Tokyo, J apan). The image was developed byaBAS 
image analyzer (Fuji Phoco Film Co.). 

Bone histology. For double-labeling analysis, 30 mg/kg 
of tetracycline and then 30 mg/kg of calcein were 
injected intrapcritoneally with a 3-day interval between 
injections. The isolated femurs were fixed and stained 
wich ViUanueva bone stain. Tissues were then embed- 
ded in a methyl mechacxylate resin (Wako Pure Chem- 
ical Industries Ltd.. Osaka, Japan), and undecalcfied 
sections with 4 um thickness wett counterstamed with 
Villanueva-Goldner countcrswin. Histomocphomet- 
ric analysis was carried out by choosing 24-26 fields in 
a femoral secondary cancellous bone. 

Measurement of serum parameter*. Blood samples were 
collected from the carotid arrery (day 1 and S) or 
heart (day 10 and thereafter) under anesthesia. Phos- 
phate and calcium concentrations "ere determined 
using P-test WAKO andCa-test WAKO, respective^ 
(Wako Pure Chemical Industries Ltd.). Serum PTH 
and 1,25 (OMkO were determined by Rat Intact PTH 
RIA Kit (Immurepies, Inc., San Clemente, California, 
USA) and RIA Kit (TPB Co., Tokyo, Japan), respec- 
tively. Serum FGF23 was measured by a sandwich 
ELISA (12) established for a detection of full-length 
human FGP23. Immunopreeipitation followed by 
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tes (-/-), « ■ 7; female homozygotes, n - 6. 
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Western blotting demonstrated that the two mAbs 
used in this EUSA recognize mouse as wcU 
FGP23, In addition, a titration curve of serial dilu- 
tions of recombinant mouse FGF23 prepared by tins 
ELISA was virtually idencical to the standard curve 
produced using purified recombinant human 
protein (data not shown), indicating chat mouse 
' FGF23 is quantitatively detectable by this ELISA. 
Results were expressed as values calculated from the 
standard curve using human FGF23. Urine samples 
were collected by rearing mice in metabolic cages 
(Sugiyamagcn Co, Tokyo, japan) for 24 hours. Serum 
alkaline phosphatase (ALP) activity, glucose, blood 
urea nitrogen (BUN), creatinine, rota) cholesterol, 
w d triglycerides were determined by using the 
Hitachi 7180 autoanalyser (Hitachi High-Technolo- 
gies Corp., Tokyo, Japan). 



Mcasuranent of sadium-depenfcnt phosphate uptake 

were prepared by the method previously reported (14). 
The sodium-depwdent phosphate uptake of the 
B BMV was measured by a rapid filtration method with 
several modifications (IS). ,. Mrnrm „, 

ImrmmohiStodvmhtry of type H* ndvm-pbof** mow 
porter OWi-U) protein. The kidneys were fixed m 10% 
paraformaldehyde, and embedded in paraffin. Sections 
of 3 pm thickness were incubated with a polyclonal rab- 
bit anu-mousc NaPWa antibody produced by immu- 
nizing rabbits with the C-terminal peptide °<^™» 
(LA1PAHHNATRL). The signals were detected by ENVI- 
SION* HHP system (DikoCytomation, Kyoco.Japan). 

Uurthem blotting. The DNA fragments used as 
probes for ail experiments were prepared from the 
mouse kidney cDNA by PCR with the following 





Histological analysis »f"bone. (a) Soft 
X-ray» orfemurs prepared rrom 7-week- 
old mice, (b and e) Villanueva-Goldner 
Stain orundccalcificd fcmurs prepared 
rrom 2- and 7-w«lc-old rn.ee. (b) Dtol 
metapbysis of femuni isolated at 2 weeks 
(upper) aid 7 *«l" (lower) of age. 
Original magnification, XA. (e) Growth 
plates of femur* at Z weeks (upper) and 
7 weeks (lower) of age. Mineralized 
bone tissues «re colored in green, and 
unittineriilittd osteoid lissucs a« shown 
in orange. Original magnification, XZO. 



primer pairs. For 2S.hydroxyvicarr.rn D-la-hydroxy- 
Use (lO-OHase): 5 '-CAGACAU AG ACATCCGTCTAG-3 
atvd 5'.CCACATGGTCCAGGTTCAOTC-3'', for 25- 
hydroxyv.camin D-24-hydroxylasc (24-OBase): S 
CTCCGAACGTCACCTCCTTA-3' ind 5'-CAGGCTGCT- 
GGGAATATCTC-3'; and for GAPDH; 5*-ACCACAGTCC- 
ATGCCATCAC3' and S'-TCCACCACCCTGTTGCTGTA- 
3', Total UNA was isolated from the frozen kidneys 
usiaa ISOGEN reagent (Nippon Gene Co., Tokyo, 
Japan). A 20-Lig sample of each of the RNA samples 
was elect rophoresed and transferred to Hybond N* 
(Amersham Biosciences Corp,, Pisctttaway, Nev Jer- 
sey, USA). Radiolabeled probe was prepared using 
Megaprime labeling system (Amersham rjioseiences 
Corp.). The membrane w* hybridized with the «P- 
labclcd probe in PerfeetHyb reagent fTOVODO Co., 
Osakajapan) overnight at 65'C.Then the bloc was 
vSwith Solution of 0.1 XSSC and D^SDS for 
30 minutes at 65 "C. The signlls were vtsualized by 
the BAS system (Fuji Photo Film Co.), 



&*Mtionoftb! FGF23-nu.ll mice. Targeted ablation of Che 
Ft/23 gene generated hcterozygoces (Fgp3+) and 
homorygotes (Fgf23 '■) (Figure 1, a and b). Mis with 
each genotype were bom at the expected mendeban fre- 
quency. The hecerozygoces did not show srgruficanc 
Ferences from VtT mice in general appearance and 
growth (figure 1, c and d). These phenotypes are eonsii- 
tent with the same serum level of FGF23 in hMRdf 
gores (120.1 ± 4.* Pg/ml, n - 3) at 9 weeks of age as chat 
of agwnatehed V7T mice (126.0 ± 2.8 pg/ml, n - 13). 
Serum FGF23 could not be detected in homozygocesat 
this age, confirming a successful ablation of the Fgf23 
gene (n - 7). However, marked growth retardation of 
homosygoces was observed by 13 days of age and there- 
after, although at birth the body size and appearance of 
the PdZ3-'- mice were nocdifFerenc from those of \VT or 
heterozygous Htrermates (Figure Id). Moreover the Ufe 
span of the F$23't' mice was markedly shorter than that 
oftitherWT mice or hcterozygotes (Figure le>. The abla- 
tion 0FFGF23 did not affect the developmental process 
of any organs by bitch. However, she KO mice began ro 
die at various ages after weaning, and no homozygoces 
survived more than 13 weeks. The survival rauos 
between male and female homozygous mice were not 
statistically difFerenr (JP - 0.1455, log rank test). An 
autopsy of a 12-wcek-old homozygous mouse demon- 
scrattd sparse skeletal muscle and fat tissues. Furcher- 
more, atrophy of glomeruli and marked vascular caldfl- 
cation in the kidneys, accompanied by elevated serum 
Bun (8S.0 mg/dl, obtained ac 2 day* before death) were 
observed. Therefore, the impaired renal function, is one 
possible reason for rhe short life span of the Fjp3-f iruec. 
was probably due to the conscandy higher scrum levels 
of both ciidum and phosphate almost throughout rhe 
life span, as discussed later, In addition, char die KO mice 
were hypoglycemic for unknown reasons (as discussed 
later) may also have contributed Co the short Ufe span. 



The FGF23-null mice exhibited an obvious immatu- 
ri tv of the reproductive organs that resulted m iniertil- 
icy Severe and rapid atrophy of the thymus and reduc- 
tion of the spleen cells were observed after weaning 
although these organs appeared to be normal at 3 
weeks of age (data not shown). The ffcfSJ-/- mice also 
demonstrated marked decrease in peripheral lympho- 
eyecs (heterorygoces, 5,455 ± 1,424 ce)ls/|il, n - 4; 
^omoiys— -833* 140 cells/uU -4 ^*0M )■ 

Abnemd bont of PJ23-'- mice. The Fgp3' mice 
showed abnormal bone development. As shown m 
Figure 2a, the femurs isolated from 7-week-o d 
Fifty'- mice were vety short, and the sott X-ray 
images of conical bone demonstrated a marked 
reduction in mineral concent. However, bone diame- 
ter was disproportionately wide and the epiphysis rel- 
atively large, Histological analysis revealed chac the 
femurs isolated from 2-week-old homozygous mire 
appeared to be normal when the growth retard,-. a on 
became obvious (Figure Z, b and c). In contrast, 10 7-, 
week-old Fgp3+ mice, the growth plate was severe y 
disorganized and hypertrophic chondrocytes were 
not observed. In addition, a marked aeeumuiaoon or 
unminerruized osceoids was seen in cortical bone and 
secondary spongiosa (Figure 2, b and c). Similar accu- 
mulation of osteoid was seen in cbia and calvanal 
bone (data nor shown). TabU 1 summarizes the 
results of bone hiscomorphomecry in femoral sec- 
ondary cancellous bones at 7 weeks of age, The min- 
eralized bone volume/cissue volume ratio (mBV/TV) 
significantly decreased in the KO mice, although the 
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Tissue area (mm 1 ) 
BV/TV(*>) 
rr.BV/TV(*> 
Tb.Th (mm) 
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OctfBS {%) 
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M5/BS(%) 
BFB/BS 
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C ££Uon Of ..nin. parameters. Blood »mp « we™ «H««d 
fram carotid art^ (day 1 and fi) or heart (day 10 and ^«^0 
ul1 dor ee-nditiOr,, of .n«rW». Because WnW ^»»» F 
bbodcoddnotb.otaJ-.dfam.nl*.^ 
S cra were pooled in each genotype for measurement of 1 .«(°H)» D - 
JL reprint -ear, * SEM. ^ numbers of — * ■ 
e aeh ag* wert variable (average; WT « - S, hcRroqgtcei . . - ^jnd 

method for comparison of multiple means («P < 0.05, P* 0 01 )• 
ND, rt« detected. 



bone volume/tissue volume ratio (BV/TV) was not 
statistically changed. There were fewer trabecular 
present than in normal Iitr.crmo-r.es, while the crancc 
ular thickness was relatively greater as a result of 
osteoid accumulation. The osteoid volume thick- 
ness, and surface area were markedly increased in the 
M23-I' mice. Both osteoblast and ustcOC.ast surface 
areas were markedly reduced in the null mice, indi- 
cating that bone turnover was suppressed, The dou- 
ble-labeling analysis failed to determine the parame- 
ters for mineralization because of an absence of the 
labeled mineralization surface in the null mice. None 



of the parameters that we examined were statistical- 
ly different between WT and heterorygous ni.ee. 

SmmptmrnM in f/v Fgfl3^ mice. We had previous- 
ly reported that administration ofFGF23 reproduced 
the typical features of TIO including hypophos- 
phatemia and low serum 1,25(0^0 (6). In contrast, 
the ftfi3-'- mice showed significant elevations of serum 
phosphate, calcium, and 1.25(OH>,D (Figure 3} Serum 
phosphate concentrations were significantly elevated 
frnm day 10 afterbirth, and those elevations "=™L^ 
wined at least up to 5 weeks of age. Serum l,2S(OH)*D 
of the KO mice also began to increase at day 10. At this 
point, serum FGF23 was detected in WT and m her- 
ero^ygous mice (WT, 186.4 * 14.1 pgM, » - 0; het- 
ctozygotes; 20S.5 * 21,3 pg/ml, 9) but not .n KO 
mice (« ■ 5). Although PGF23 protein (10-fil Pg/rnl) 
was detected in breast milk collected from the female 
heterozygous mice nursing homoiygou* pups, u was 
not sufficient to compensate for the lade of serum 
P GF23 to rescue the phenotypes in the Ftf23-'- mice. 
Elevation of serum calcium observed from 2 weeks after 
birth was modest buc significant. Serum PTH of the 
FGF23-null mice were significantly decreased at 6 or S 
weeks of age, but not at 10 days or 2 weeks. This 
decrease in PTH may be at lease in part due to the 
increased serum calcium and l,2S(OH),D. The FGF23- 
null mice exhibited significant increases in serum JU.r 
activities. The marked elevation was already obser^d at 
2 week* and was maintained at 6 weeks rjW>le 2). Hypo- 
glycemia was observed from 2 weeks of age and became 
remarkable ac 3 weeks and afterward (Table 2). In addi- 
tion, serum total cholesterol was increased and triglyc- 
erides were decreased (Table 2). Hco*e*ygor.es did not 
show any changes in senna parameters examined in 
comparison with rhose of WT mice. 

A tend exprznions of lay molccutesformmerd homeostas*. 
Serum l,25(OK),D is mainly determinedbyactmaes ot 
the renal enzymes la-OHase, which increases the 
serum concentrations of I^OHJJD, and 24-OHase 
which metabolizes and decreases serum l,2S(OH)iD 
(16). To seek an explanation for the high serum 
1 2S(OH) 2 D in the FGP23-nu« mice, we examined the 
egression of these enzymes by Northern blot^he 
expression of lo>OHase was increased 
mice From at least day 10, when tevc^MOVbP 
also started to rise, and d« increased 1 r>OHase mRNA 
was maintained thereafter (Figure 4a). In add-on, the 
enhanced mRNA level of 24-OHase was also observed 
at 3 weeks and thereafter in the PgZlr,- rmce (Figure 4a). 
Since the increase of 24-OHase mRNA occurred at 3 
weeks, when serum l,25<OH) 2 D ^ 
increased, it b probable that this enhanced 24-OHa.e 
expression was promoted by the increased W°"W0 
levels in the mice. Thus, upregulated lCt-pHase 

expression seems to be the main reason for the signifi- 
cant elevation ofscrum l,25(0H)iD in the KO mice. 

Serum phosphate level is mainly maintained by renal 
phosphate reabsorption, which is regulated by the 
amount of NaPi-2a in brush border membrane of the 
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ble that the decreased PTH level in the Fgpj;/- mice at 
T«bl.2 ^ llT ,i« M s weeks oFa»! 6-9 weeks might have contributed to the disordered 

for "P^™"" 1 m> " " 6 wKkS "* LooTse of NaPi-Z- However, decreased PTH level. 

Ml* VU+ WT> wJc not observed at 10 days and 2 weeks, when hyper- 

ALP^tyi.U/W) 640,74 «0.W 2103*262* phoiphatemia wa* already present ? d "™"? ™ C 
ZttZ*X »7. S1 12. 3 *.6««.l* suppression of PTH is not required for h ^ cr P^° s , 
W M JL 73.S i 1.S 77.2 * 27 109.4 . h ^ emia [„ the FGF23-null mica. Thus, enhanced 

S"jd,r m.1^ 4.1 La. phosphate resorption via NaPi-2a » hkely to 

-- — ~ " ■ " be one of che major reasons for severe hyperphos- 

phatemia in the FGP23-null mice. 



Discussion . , 

The mutant mice lacking FGF23 «h.bi«d severe 

FGF23-KO mice demonstrated the increased tubular 7^^™^^^™, image, of chose 
maximum report of phospr^^^^^ ^SyZ^^^«*^^ 

iced renal phosphate ^hsorpon Figure : 4c ^^"^^L concentrations 

show,- the results of »- munoh,stQehe ^ a "^ 0 f FG«3 a« tightly regulated and that this regulate, 

for NaPiJa with ki<W sc «' onS prepared From 6-week- o ™™ "™ n » compensate for the absence of one 

□Id mice. Despite remarkable hyperphosphatem^ S^ugh the precise source 

NaPi-2a protein in the KO mice 1 more located » ^f^/^^of Sulation of FGF23 production 




. rep^U-d with a CAPDH fh.gmer.tw conFirm ,r.«gr«v of0» "' [ ^f„ ™ ° 1 5.^, Wt. „- K°a*W<*. n - S; homoiyE*™. 
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, , „ u wn rtiice can be reauiaccd by 1,2S(OH)jD (24), Tlnus, increased 

and high l,2S(Ort),D level, at least torn 10 day* of P h °^«»' a pj£ 3 fi Z* demonstrated en- 

mice, 152,1 ± 17.9 pg/ml; uncreated homozygous, »« *" g?"?" 0f J? J e chaC conci nuou S 

79,9 ± 9.0 Pg/ml)- Therefor it u bkely that: FGPMii MQ), an d we have also observed die 
phy si0 l O gicaUy suppressing the : renal lo,OH« « «* ° ™^ Ji ^ Aoression at 8-13 hours after a sili- 
con coopering , or eompetin , g v g «v« h« ScljSon of PGF23 Uko WT mice (26). Further- 
moral factors such as 1TH and l,25<OH) 2 D nw«r. gie ; ; howed n0rmaI 
Although we were unable to evaluate the erum ^fX^parfLtTcho*: of control Ureermates 
l.iSCOHJ.D in homozygotes f 1?°^J^* °™ g*^, n . 3 - heteroses, 15.9 * U 
there were insufficient sera available for the ZrtMn*a'bJwma* 22.6 * 2.2 mg/di, n - 4), 

FGFZ3-inde P endent phosf.hace-handl.ng mechanism ^ n. ^ of ^ hosphatc rt^prp. 

is probably dominant ac this stage. ™ Ai rhnll „h rL extremely small body sizeoFF^-/" 

6ne possibility i* rh* the regulatory ««h^»rn rf 2JS ii ™S the effect of pafathy- 

incesunal andrenal phosphate handlmg.s ^17^ o Sum phosphTcc, our previous study 

rather insensitive to hormone-dependent change of ™GF2 3 P is able to 'reduce fl erum 

phosphateinnux^defTlu^Tlieotherpo^ba.ry.sthnr "^v^^™ ^^ 

„Xr P ho S phace ; re g ak^ M^£„ n^ho/phnterniaof the KO mice 

piaysadominanc role,, «^ n £f^g£'^ / 0 S^fat 10 d'ays^and 2 weeks after birch was u*» 
Because excess actions of FGF23 result m nckca/ oftwrra k y ^ ^ 

Although the precise m C chan, m of * e ^ ^^p^togi^l ^ biides 

bone development a not clear at the moment, rhee^ ™P°™*» 0 ™ COS tasis. When we fed the jy23"/- mice 

vated serum 1,25(0^0 may ^ave confuted ^ ^^^^ dicc (p , flAClfl ^) fo,* just 

these changes. The increase cFMKoid has ™* ^mU, » - 6). 50% of homozygous mice 

ed in the 24-OHase-deficicnc mice that demonstrated altw weaning ^ l^Tts w «ks However these mice with 

^""""eSS?^ d°™H SSS^ 8 body weight), hypoglycemia, 

bed, osteobWt and osteo - - %™ S^S„St in these phenotyp« pf 

mice may be caused by the ™ ™™ ™* ^ Atrophy of thymus and spleen became apparent 

ever, increased osteoid cannot be explained by sup- mice. *™P»Y f pGra3 _ n \,ji These results 

pressed turnover oFhonc In contraSC.it U po».bl. that ^^^Xuc «»ch as byperphos- 

TOF23 h*s a direct action on bone met^oWActu- 1 *^^!!^ 1 'SSqK) 1( D, rather than the 

ally, a recent report showed egression o 0F2 >n g^?^^^ 

bone, suggesting an unknown Funcuon of PQP23 in da ciency «« Actually, 1.25(0H)iD has been 

expression of intestinal type lib sorbum-dependent »^™ n forX understanding of bone and min- 
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mice, together with exploration of the recepcor lor 
PGP23 md of the tissues responsible for FGF23 pro- 
duction should more precisely decipher the physiolog- 
ic*! significance of FGF23. 
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